Purpose: The aim of this study was to develop a method for the direct measurement of electron beam width and distribution at the scattering foil on the carrousel in a medical linear accelerator gantry head, which differs from an existing indirect method for measuring the focal spot size using a camera or metallic slit located outside the gantry head. Methods: The electron beam emitted by the linear accelerator was used to irradiate radiochromic film mounted on the scattering foil on the carrousel, which was not used for clinical treatment. The electron beam width at the scattering foil position was then evaluated using the full width at half maximum of the Gaussian distribution approximated from each one-dimensional distribution of the irradiated radiochromic film. Results: The electron beam width at the scattering foil position was found to be 3.1 to 6.4 mm in the crossline direction and 2.8 to 5.5 mm in the inline direction with electron energy of 4 to 16 MeV. The two-dimensional distribution of the electron beam was therefore elliptical or distorted in shape, not circular. Conclusions: Direct measurement of the electron beam width at the scattering foil in the carrousel of a medical linear accelerator is possible, though the use of lower sensitivity film in addition to indirect methods is expected to bring about better results. However, as this method does not allow for direct measurement of the incident angle of the accelerated electron beam, further improvements and refinements are still needed.
Introduction
The radiation beam of medical linear accelerators (LINACs) used clinically for external radiotherapy must be carefully managed and maintained. This involves periodically checking the incident position and angle of the beam axis and the consistency of the beam profile, a method that has been described by Lutz et al. [1] and Karzmark [2] . In previous research into X-ray irradiation used for external radiation therapy, the focal spot size of the electron beam incident on a target was measured using indirect methods involving a spot camera [3] or metallic thin slit [4] [5] [6] located outside the irradiation gantry head. This approach, however, makes it difficult to calculate the distribution of the accelerated electron beam before reaching the X-ray target, as the spread of the focal spot through this target can vary if it is not manufactured uniformly. In the case of the medical LINAC manufactured by Varian Medical Systems, the fact that the target is located in the bending magnet under vacuum makes it particularly difficult to directly measure the focal spot size by inserting a detector. This has created a need for a method to measure the width of the electron beam using detectors located at the exit of the bending magnet. In normal X-ray mode, the target is automatically loaded in the primary collimator. This means that the electron beam is absorbed and scattered by the metallic target, which increases the spread of its distribution after the target.
The focal spot size of an electron beam with a target that is not charged in a primary collimator was measured by Sawkey and Faddegon [7] using the spot camera method proposed by Lutz et al. [3] . They found that a LINAC without a monitor chamber, primary foil, or secondary foil operating in electron mode with a 100-cm source to surface distance (SSD) had a focal spot size that was not scattered. According to Huang et al. [8] , it is difficult to accurately reflect the spread of the electron beam as a parameter of Monte Carlo simulation, as it is elliptical or distorted rather than circular. With regard to the electron mode, the only scattering object before the scattering foil (SF) is a 0.00254 cm-thick [9] beryllium (Be) window in the beam duct exit. The aim of this study is therefore not to measure the focal spot diameter at the X-ray target position, but rather to develop a technique to directly determine the electron beam width and distribution at the SF position via irradiation of the film on the carrousel. Figure 2 shows the geometrical position [9] of the bending magnet, Be window, and carrousel. Figure 3 shows the SF bracket with radiochromic film mounted on the hole on the carrousel to ensure that the angle between the beam exit and gantry head of the LINAC is 0˚. This also shows the film insertion position described in Figure 2, for which several lead blocks normally used for leakage radiation shielding were removed.
Materials and Methods
Since the SF bracket could not be installed directly on the beam axis (the "beam irradiation position" in Figure 2 ) relative to the geometrical structure, the film was mounted on the "film insertion position" and moved by an air 
Results and Discussions
The pictures in Figure 4 of the irradiated radiochromic film show that the two-dimensional distribution of optical density was elliptical or distorted, not circular. The shape of the two-dimensional distribution is different in each energy. It is difficult to consider the impact of the flatbed scanner. The diameter of the dark spot also decreased with increasing beam energy. Although the electron beam accelerated by the LINAC is considered to have a very narrow focus, it would appear that the accelerated incident electron beam is scattered by its interaction with the very thin Be window at the bending magnet exit and the air slab between this Be window and the measurement position at the SF. These electron beam widths were larger than the focal spot size observed in previous papers [8] due to the distance of 12.5 cm from the position of the target in x-ray mode to the measurement point. Figure 5 shows the Gaussian distribution and one-dimensional distribution of the net optical density of the films irradiated using different electron beam energies. Note that the density in the region around the beam axis of the one-dimensional distribution is lower than the Gaussian distribution, which indicates that the sensitivity threshold of the film was exceeded in this high-dose region.
The fact that the absorbed dose of 1 MU exceeded the sensitivity threshold also meant that it was not possible to construct a calibration curve for converting net optical density to absorbed dose. Thus, although the radiochromic MD-55 film used in this study has a very low sensitivity for medical measurement, and has been used for patient QA in stereotactic radiosurgery, an even lower sensitivity film (e.g., industrial-grade film) should make it possible to convert the net optical density to absorbed dose. Table 1 presents the FWHM values for the Gaussian distribution obtained from the one-dimensional distribution in the crossline and inline direction of the irradiated radiochromic film. The maximum FWHM was 6.4 mm in the crossline direction and 5.5 mm in the inline direction at 4 MeV, whereas the minimum FWHM was 3.1 mm in the crossline direction and 2.8 mm in the inline direction at 12 MeV. The diameter of the electron beam spread reduced as the electron beam energy increased; however, the distribution of the beam remained as an incomplete circle similar to that identified by Jaffray et al. [4] , as there was a consistent difference between the widths in the crossline and inline directions. Since the distance [9] between the X-ray target and measurement position on the carrousel was very small (12.5 cm) when compared to normal treatment distances of 100 cm, it is unsurprising that the irradiation dose exceeded the sensitivity threshold of the film. Further analysis of the high-dose region using a lower sensitivity film would allow the Gaussian distributions to be compared, making it possible to determine the position of the incident electron beam rather than just its width and distribution. The method presented in this study also requires removing the SF bracket, as the position of the carrousel was determined by the electron energy selected. As such, if the position of the carrousel determined by electron energy could select the position of the cover, as shown in Figure 1 , then the position and width of the incident electron beam could conceivably be periodically measured during clinical treatment.
Conclusion
This study has proposed a useful method for directly measuring the width of an electron beam at the scattering foil position on its carrousel for clinical LINACs. Direct measurement of the electron beam width at the scattering foil in the carrousel of a medical linear accelerator is possible. In this case, the position of the carrousel was determined by the electron energy, but if it could be selected freely, then it should be possible to measure the electron beam distribution at the SF position using radiochromic film at one of the cover positions on the carrousel during clinical treatment. However, as this method does not allow for direct measurement of the incident angle of the accelerated electron beam, further improvements and refinements are still needed.
